In order to study the mechanical properties of recycled aggregate concrete (RAC) specimens after exposure to high temperatures, 120 RAC prism specimens, 57 reinforced recycled aggregate concrete (RRAC) specimens, and 56 steel reinforced recycled aggregate concrete (SRRAC) specimens were designed, involving two varying parameters such as recycled coarse aggregate (RCA) replacement percentage and temperature. The performance degradation of RCA materials, RRAC members, and SRRAC members after exposure to high temperatures was analyzed in depth. The research results show that after exposure to high temperatures the surface color of members may change from cinereous to gray-white. Some cracks may appear on surface of members and the mass of members may be lighter. With the increase of the experiencing temperatures, the bearing capacity (compressive, bending, and shearing) of RAC and its members are reduced, but their ductility and energy dissipation capacity have little effect on the change of high temperature. With the increase of the RCA replacement percentage, the mass loss ratio, ultimate bearing capacity, and peak deformation of each RAC and its members increase slightly, and the displacement ductility and energy dissipation capacity of the RRAC members decrease slightly. With the increase in replacement percentage of RCA, mechanical properties of RAC and their members have little effect after exposure to elevated temperatures, and the fluctuation range is within 20%.
Introduction
Recycled aggregate concrete (RAC) is a green building material that can realize the recycling of construction waste, save energy, protect the environment, meet the requirements of sustainable development, and have good fiscal, environmental and social benefits [1] . All countries in the world pay great attention to the research and application of RAC. Many scholars have carried out a large number of experiments and theoretical researches, and have obtained many important research results. It is generally accepted that RAC has differences in physical and mechanical properties with ordinary concrete. Compared with ordinary concrete, RAC are more porous and less dense, and RAC are characterized by higher porosity, lower compressive strength, and much higher water absorption [2] [3] [4] [5] [6] [7] . RAC has been scientifically formulated and produced can be utilized in engineering structures. As early as in the 1970s, Japan formulated the code for the use of recycled coarse aggregate (RCA) and RAC and encouraged its application. In 2000, the reuse rate of waste concrete exceeded 95%. RAC has also been widely utilized in the United States in the 1980s. parameters such as the coarse aggregate replacement percentage and experiencing temperatures, the mechanical tests of 120 RAC prism blocks, 25 RRAC short columns, 32 RRAC beams, 24 SRRAC short columns, and 32 SRRAC beams under high temperatures were carried out. Based on the preliminary experimental data, this paper mainly analyzes the degradation law of the mechanical properties of RAC materials, RRAC members (column, beam), and SRRAC members (column, beam) after exposure to high temperatures, and quantitatively analyzes the differences between them, so as to provide reference for further research and engineering application of RAC members.
Experimental Program

Materials
The RCA is produced by mechanically crushing, washing and sifting the waste concrete. The RCA and NCA are sieved under the same conditions, and the particle size is 5-20 mm, and the continuous gradation. The RCA has bulk density of 1432 kg/m 3 and water absorption rate of 3.27%. Natural river sand is used as the fine aggregate. Ordinary Portland cement type 32.5 R is used for the specimens with strength grade C30. The mixture ratio design is based on the replacement percentage of 0% of RCA, and the ratio of RCA to NCA is only changed while the total mass of coarse aggregate remains unchanged, and other materials remain unchanged. The mix proportion of recycled concrete is shown in Table 1 . Meanwhile, Section steel is I10 of Q235, it has a height of 100 mm, a leg length of 68 mm and a web thickness of 4.5 mm and its yield strength is 423.81 N/mm 2 at room temperature. The diameter of longitudinal bar (HRB335) of the columns and beams is 12 mm and 14 mm, respectively. And the diameter of the stirrup bar (HPB300) of the columns and beams is 6 mm. The cross-sectional dimensions and steel distribution (bars) are shown in Figure 1 . 
Specimen Preparation
A total of 120 RAC prism specimens (150 mm by 150 mm by 300 mm, 40 groups, 3 in each group, and the data in Table 2 is the average of three identical specimens), 25 RRAC short columns (200 mm by 200 mm by 450 mm), 32 RRAC beam specimens (200 mm by 150 mm by 1100 mm), 24 SRRAC short columns (180 mm by 180 mm by 450 mm) and 32 SRRAC beams (200 mm by 150 mm by 1100 mm) were designed and manufactured. The variation parameters are high temperature (T) and RCA replacement percentage (r). The beams are divided into the bending beam and the shear beam, and the corresponding shear span ratio is 2.0 and 1.2, respectively. The specific design parameters of specimens are shown in Tables 2-6. Note: r represents the replacement percentage, T represents the highest temperature experienced by the specimen, β m represents the mass loss ratio, N p represents the peak load, ∆ p represents the peak deformation, µ represents the displacement ductility coefficient, η represents the energy dissipation coefficient. 
Thermal Exposure
The heating equipment uses RX-45-9 industrial box type resistance furnace manufacturing in Jinan Province, China with a maximum temperature of 950 • C, the furnace size is 1200 mm by 600 mm by 400 mm and the rated power is 45 kW (Figure 2 ). According to the design of specimens, the target temperature is set separately to increase the temperature in batches. In order to make the temperature distribution inside the specimen uniform, according to the fire-resistant grade provided by the fire protection code of Chinese architectural design, the temperature is raised to the set value and then kept constant for one hour. Then just open the furnace door and let specimens drop to normal temperature under natural conditions. According to its own temperature acquisition system in the resistance furnace, the temperature increase and fall curve of the specimen in the furnace can be obtained as shown in Figure 3 .
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Load Equipment and Test Method
The prism blocks and columns are loaded with axial compression using the RMT-201 mechanical testing machine, as shown in Figure 4 . In order to obtain the load-displacement curve of the whole process of the specimen under stress, the test adopts the displacement control loading mode, the loading speed is 0.005 mm/s, and when the load drops to the ultimate load of 75%, the test ends. 
The prism blocks and columns are loaded with axial compression using the RMT-201 mechanical testing machine, as shown in Figure 4 . In order to obtain the load-displacement curve of the whole process of the specimen under stress, the test adopts the displacement control loading mode, the loading speed is 0.005 mm/s, and when the load drops to the ultimate load of 75%, the test ends. The beams adopt a hybrid control loading system and use a distribution beam to perform twopoint symmetric centralized loading. The load rising section adopts load control for grading loading, the step difference is 5 kN, and the holding time of each stage is 3 min. When the estimated ultimate load is approached, it is changed to displacement control with a step difference of 0.5 mm, which is loaded to the specimen to be destroyed. The mid-span deflection of the specimen is measured by arranging the displacement meter, and the loading device and the measuring point arrangement are as shown in Figure 5 . 
Test Results and Analysis
Change in Appearance
A series of physical and chemical reactions took place internally in the RAC after being subjected to high temperatures. All of prism blocks, beams, and columns showed color changing, concrete surface cracking, and spalling, and the physical phenomena of different types of specimens were basically similar. As the temperature increased, the color changed from deeper to shallow. For maximum temperatures of 200-400 °C, it was cinereous and had no visible cracks. When subjected to 600 °C, the specimens were brownish-grey and there were fine irregular cracks on the surface. When maximum temperature was 800 °C, specimens were gray-white, the surface burst, and the epidermis was loose and lumped off. The apparent morphology of prism specimens after exposure to high temperatures is shown in Figure 6 . The beams adopt a hybrid control loading system and use a distribution beam to perform two-point symmetric centralized loading. The load rising section adopts load control for grading loading, the step difference is 5 kN, and the holding time of each stage is 3 min. When the estimated ultimate load is approached, it is changed to displacement control with a step difference of 0.5 mm, which is loaded to the specimen to be destroyed. The mid-span deflection of the specimen is measured by arranging the displacement meter, and the loading device and the measuring point arrangement are as shown in Figure 5 . The beams adopt a hybrid control loading system and use a distribution beam to perform twopoint symmetric centralized loading. The load rising section adopts load control for grading loading, the step difference is 5 kN, and the holding time of each stage is 3 min. When the estimated ultimate load is approached, it is changed to displacement control with a step difference of 0.5 mm, which is loaded to the specimen to be destroyed. The mid-span deflection of the specimen is measured by arranging the displacement meter, and the loading device and the measuring point arrangement are as shown in Figure 5 . 
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Mass Loss
After specimens are subjected to high temperatures, its mass is reduced. In order to reflect this physical change, the mass loss ratio = ( − )/ × 100% is defined, where is the original quality of the specimen, and is the mass of the specimen after exposure to high temperatures. The trend of mass loss ratio of specimens with the temperature experienced is given in Figure 7 . It can be observed in the figure that the mass loss ratio of specimens increases with the increase of temperature. For maximum temperatures of 200-400 °C, the value increases the fastest, the reason is that after the temperature reaches 200 °C, the moisture retained in the concrete evaporates and the most combustibles in the concrete burn as they reach the ignition point. During the high temperature action of specimens in the electric furnace, when the temperature rises to 200-400 °C, a large amount of white mist emerges from the electric furnace. This phenomenon reflects that the internal moisture of the RAC is most significantly evaporated in the range of 200-400 °C. When the temperature is larger than 600 °C, the growth rate of mass loss ratio of specimens slows down, indicating that after the temperature increases to a certain extent, the mass loss ratio of specimens tends to be stable due to the exhaustion of moisture and combustibles. 
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The trend of mass loss ratio of specimens with the temperature experienced is given in Figure 7 . It can be observed in the figure that the mass loss ratio β m of specimens increases with the increase of temperature. For maximum temperatures of 200-400 • C, the β m value increases the fastest, the reason is that after the temperature reaches 200 • C, the moisture retained in the concrete evaporates and the most combustibles in the concrete burn as they reach the ignition point. During the high temperature action of specimens in the electric furnace, when the temperature rises to 200-400 • C, a large amount of white mist emerges from the electric furnace. This phenomenon reflects that the internal moisture of the RAC is most significantly evaporated in the range of 200-400 • C. When the temperature is larger than 600 • C, the growth rate of mass loss ratio of specimens slows down, indicating that after the temperature increases to a certain extent, the mass loss ratio of specimens tends to be stable due to the exhaustion of moisture and combustibles. 
After specimens are subjected to high temperatures, its mass is reduced. In order to reflect this physical change, the mass loss ratio = ( − )/ × 100% is defined, where is the original quality of the specimen, and is the mass of the specimen after exposure to high temperatures. The trend of mass loss ratio of specimens with the temperature experienced is given in Figure 7 . It can be observed in the figure that the mass loss ratio of specimens increases with the increase of temperature. For maximum temperatures of 200-400 °C, the value increases the fastest, the reason is that after the temperature reaches 200 °C, the moisture retained in the concrete evaporates and the most combustibles in the concrete burn as they reach the ignition point. During the high temperature action of specimens in the electric furnace, when the temperature rises to 200-400 °C, a large amount of white mist emerges from the electric furnace. This phenomenon reflects that the internal moisture of the RAC is most significantly evaporated in the range of 200-400 °C. When the temperature is larger than 600 °C, the growth rate of mass loss ratio of specimens slows down, indicating that after the temperature increases to a certain extent, the mass loss ratio of specimens tends to be stable due to the exhaustion of moisture and combustibles. For each type of specimens, the mass loss ratio of all specimens subjected to the same temperature is averaged, and Figure 7f is drawn. It can be seen from the graph that the increase of mass loss ratio of prism specimens is the most significant, and that of beams is the smallest, which may be due to the smallest volume of prism specimens and the easiest influence of high temperature field. The data in Figure 7g has averaged the mass loss ratio of all specimens under the same replacement percentage. It can be seen from the figure that the mass loss ratio increases with the increase of the replacement percentage. This is explained by the large amount of old cement slurry is attached to the surface of the RCA, and more free water can be absorbed during the mixing process. The more the RCA is contained, the more free water absorbs in the RAC, the more water will evaporate after exposure to high temperature, and the mass loss ratio will be greater.
Comparing with SRRAC members, it is found that the mass loss ratio of RRAC members varies roughly the same with the increase of temperature. but the mass loss ratio of RRAC members is slightly larger than that of SRRAC members, which may be due to the fact that SRRAC members are equipped with more steel (the mass of steel is almost unchanged after high temperatures).
Analysis of Measured Curves
Stress-Strain Curves of RAC Prism Specimens
According to the load-displacement curve measured by the test, the stress-strain curve of the RAC prism specimens subjected to high temperatures can be obtained, as shown in Figure 8 . It can be seen from the figure that the shape of the stress-strain curves of the RAC subjected to elevated temperature is similar to that of ordinary concrete. As the temperature increases, the peak stress of the curves gradually decreases, the peak strain gradually increases, the descending section of the curves becomes gentle, and the whole curve tends to be flat. As the replacement percentage increases, the effect of temperature on peak strain becomes more and more significant: at room temperature, the peak strain of ordinary concrete and RAC is between 4 × 10 −3 and 5 × 10 −3 . At 800 • C, the peak strain of ordinary concrete is 7.39 × 10 −3 , the replacement percentage is 30%, 50%, 70% of RAC is 8.78 × 10 −3 , 9.21 × 10 −3 and 10.74 × 10 −3 respectively, while the peak strain of RAC with the replacement percentage of 100% is 11.55 × 10 −3 .
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Load-Displacement Curves of SRRAC Columns
From Figure 9 , it can be seen that with the increase of temperature, the load-displacement curve of SRRAC columns tends to be flat, and the peak point gradually decreases and shifts to the right. Loading process of some specimens includes elastic stage, stiffness strengthening stage, elastic-plastic stage, descending stage, and residual stage. The characteristics of each stage are as follows:
(1) Elastic stage: Both the section steel and the concrete are in the elastic deformation range, and the deformation of the two is coordinated, and no crack is generated on the concrete surface. (2) Elastic-plastic stage: After the load exceeds the elastic limit, due to the occurrence and continuous development of cracks on the concrete surface, the section steel and the longitudinal steel bar gradually yield, and the load-displacement changes nonlinearly. At this stage, the bond crack begins to appear, that is, the bond and slip of the steel and concrete are more obvious. (3) Stiffness strengthening section: For specimens with a temperature greater than 600 • C, the loaddisplacement curves of specimens will show a significant increase in curvature before the elastic limit is reached, that is, the stiffness strengthening stage. This is because after the higher temperature, the free water in the internal void of the concrete evaporates, making the concrete loose. During the loading process, as the load increases, the loose concrete is gradually compacted, thus the stiffness of the specimens is improved. (4) Descending section: After the limit point is exceeded, the bearing capacity of the specimens is obviously reduced due to the gradual withdrawal of the protective layer concrete. The decreasing extent is related to the temperature. The higher the temperature is, the smaller the decreasing amplitude is. (5) Residual stage: After entering this stage, with the increase of displacement, the decrease of load tends to be gentle, the concrete at longitudinal reinforcement and protective layer has basically withdrawn from work, and the residual strength is provided by section steel and concrete in core area.
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Load-Displacement Curves of RRAC Columns
The axial load-displacement curves of the specimens during the whole process of mechanical failure are obtained, as shown in Figure 10 . It can be seen from the figure that the load-displacement curves of the specimens change with the increase of temperature, the higher the temperature is, the smaller the peak load will be, but the peak displacement increases, and the descending segment after the peak point tends to be gentle. In addition, when the temperature is higher, the initial secant slope of the curve is smaller.
The axial load-displacement curves of the specimens during the whole process of mechanical failure are obtained, as shown in Figure 10 . It can be seen from the figure that the load-displacement curves of the specimens change with the increase of temperature, the higher the temperature is, the smaller the peak load will be, but the peak displacement increases, and the descending segment after the peak point tends to be gentle. In addition, when the temperature is higher, the initial secant slope of the curve is smaller. Figure 11 shows the measured load-deflection (P-f) curves of the specimens in mid-span. It can be seen from the graph that the specimens have experienced three stages: elastic stage, elastic-plastic stage, and failure stage. The initial loading stage is elastic, the elastic-plastic is after the cracking, the P-f curve shows a turning point, and after the peak load point, it is the breaking stage. Figure 11 shows the measured load-deflection (P-f ) curves of the specimens in mid-span. It can be seen from the graph that the specimens have experienced three stages: elastic stage, elastic-plastic stage, and failure stage. The initial loading stage is elastic, the elastic-plastic is after the cracking, the P-f curve shows a turning point, and after the peak load point, it is the breaking stage. The axial load-displacement curves of the specimens during the whole process of mechanical failure are obtained, as shown in Figure 10 . It can be seen from the figure that the load-displacement curves of the specimens change with the increase of temperature, the higher the temperature is, the smaller the peak load will be, but the peak displacement increases, and the descending segment after the peak point tends to be gentle. In addition, when the temperature is higher, the initial secant slope of the curve is smaller. Figure 11 shows the measured load-deflection (P-f) curves of the specimens in mid-span. It can be seen from the graph that the specimens have experienced three stages: elastic stage, elastic-plastic stage, and failure stage. The initial loading stage is elastic, the elastic-plastic is after the cracking, the P-f curve shows a turning point, and after the peak load point, it is the breaking stage. Figure 12 shows the measured load-mid-span deflection curve for each specimen. From the graph, it can be seen that the load-deflection linearly develops at this stage from the start of loading to the concrete cracking. After the crack occurs, the load-deflection curve begins to shift to the deflection side, and the degree of this offset increases with the increase of the load, showing obvious nonlinear characteristics. When the peak load is reached, the specimens enter the failure stage and the curves begin to decrease. Comparing the whole process curves of two kinds of specimens with different shear span ratios, it is found that the specimens with a small shear span ratio have a higher peak load, but it has a faster drop.
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Mechanical Properties
For the qualitative analysis of the degradation of the mechanical properties of RAC and Steel-RAC members after exposure to high temperatures, according to the axial load-displacement curves of prism specimens and short columns, the load-span deflection curves of bending and shear beams, the corresponding mechanical properties of various types of members, such as bearing capacity , peak deformation ∆ , displacement ductility coefficient , and energy dissipation coefficient are determined. The variation rules of various mechanical properties are shown in Tables 2-6 and Figures  13-16 . In order to compare and analyze the performance degradation of different members, the performance indexes of all specimens with different replacement percentage at the same temperature were averaged, and normalized according to performance indexes at room temperature. The degradation coefficients ( ,  , ,  , and  ) were obtained. Similarly, the replacement percentage influence coefficients (α , α  , α , α  and α  ) of each performance are defined based on the performance index of the replacement percentage of 0%. Figure 13 shows the degradation of bearing capacity of each specimen after exposure to different high temperatures. It can be seen from Figure 13a -g that with the increase of high temperatures, the compressive strength of prism specimens shows a significant downward trend. For maximum temperatures of 200-400 °C, the compressive strength of prism specimens decreases by about 18%, that decreases by about 48% when the maximum temperature is 600 °C and the compressive strength is only 26% at normal temperature when the maximum temperature is 800 °C. The strength of prism specimens can directly reflect the material strength of the RCA. The degradation of the compressive strength of the RCA after exposure to elevated temperatures can be attributed to the fact that after the high temperature, the evaporation of free water and bound water in the concrete form the internal 
Degradation of Bearing Capacity
Mechanical Properties
For the qualitative analysis of the degradation of the mechanical properties of RAC and Steel-RAC members after exposure to high temperatures, according to the axial load-displacement curves of prism specimens and short columns, the load-span deflection curves of bending and shear beams, the corresponding mechanical properties of various types of members, such as bearing capacity N p , peak deformation ∆ p , displacement ductility coefficient µ, and energy dissipation coefficient η are determined. The variation rules of various mechanical properties are shown in Tables 2-6 and Figures 13-16 . In order to compare and analyze the performance degradation of different members, the performance indexes of all specimens with different replacement percentage at the same temperature were averaged, and normalized according to performance indexes at room temperature. The degradation coefficients (β N , β ∆ , β K , β µ , and β η ) were obtained. Similarly, the replacement percentage influence coefficients (α N , α ∆ , α K , α µ and α η ) of each performance are defined based on the performance index of the replacement percentage of 0%. Figure 13 shows the degradation of bearing capacity of each specimen after exposure to different high temperatures. It can be seen from Figure 13a -g that with the increase of high temperatures, the compressive strength of prism specimens shows a significant downward trend. For maximum temperatures of 200-400 • C, the compressive strength of prism specimens decreases by about 18%, that decreases by about 48% when the maximum temperature is 600 • C and the compressive strength is only 26% at normal temperature when the maximum temperature is 800 • C. The strength of prism specimens can directly reflect the material strength of the RCA. The degradation of the compressive strength of the RCA after exposure to elevated temperatures can be attributed to the fact that after the high temperature, the evaporation of free water and bound water in the concrete form the internal interface crack. The cement stone structure is damaged, and the thermal properties of the coarse aggregate and concrete are inconsistent. The micro-deformation caused by thermal expansion and syneresis is uncoordinated, resulting in the continuous development of interfacial cracks. In addition, due to the rapid cooling of the concrete during the cooling process, the central temperature drops slowly, and a non-uniform temperature stress field is formed between the two to generate additional cracks. The higher the temperature experienced, the more significant the damage of these cracks is, and the greater reduction of strength is. It can be observed in Figure 13h that the bearing capacity of different RAC member decreases significantly with the increase of the high temperature experienced, but the decrease is slower than that of prism specimens. Deformation laws of the bending and shear capacity of SRRAC beams are basically the same. When the temperature is lower than 400 • C, the bearing capacity degrades slowly, when the temperature is larger than 400 • C, the degradation accelerates, for the maximum temperature of 600 • C, the degradation amplitude is about 30%, only 50% of prism specimens. However, the law of bending and shear bearing capacity of RRAC beams is different. Bearing capacity of shear beams decreases with the increase of temperature, while the peak load of the bending beams shows a decreasing-increasing-decreasing tendency, fluctuating between −19% and −8%. The degradation of the compressive bearing capacity of RAC columns is similar to that of prism specimens. For exposure temperature greater than 400 • C, the degradation of columns is slower than that of prism specimens. From results of degradation, for SRRAC members subjected to the same high temperature, the bearing capacity of the compressive members is degraded more severely than that of the flexural members. For maximum temperatures of 200-600 • C, for SRRAC members, the degradation coefficient (β N ) of compressive members is 11%~22% less than that of flexural members, and for RRAC members, the degradation coefficient (β N ) of compressive members is 16%~20% less than that of flexural members. interface crack. The cement stone structure is damaged, and the thermal properties of the coarse aggregate and concrete are inconsistent. The micro-deformation caused by thermal expansion and syneresis is uncoordinated, resulting in the continuous development of interfacial cracks. In addition, due to the rapid cooling of the concrete during the cooling process, the central temperature drops slowly, and a non-uniform temperature stress field is formed between the two to generate additional cracks. The higher the temperature experienced, the more significant the damage of these cracks is, and the greater reduction of strength is. It can be observed in Figure 13h that the bearing capacity of different RAC member decreases significantly with the increase of the high temperature experienced, but the decrease is slower than that of prism specimens. Deformation laws of the bending and shear capacity of SRRAC beams are basically the same. When the temperature is lower than 400 °C, the bearing capacity degrades slowly, when the temperature is larger than 400 °C, the degradation accelerates, for the maximum temperature of 600 °C, the degradation amplitude is about 30%, only 50% of prism specimens. However, the law of bending and shear bearing capacity of RRAC beams is different. Bearing capacity of shear beams decreases with the increase of temperature, while the peak load of the bending beams shows a decreasing-increasing-decreasing tendency, fluctuating between −19% and −8%. The degradation of the compressive bearing capacity of RAC columns is similar to that of prism specimens. For exposure temperature greater than 400 °C, the degradation of columns is slower than that of prism specimens. From results of degradation, for SRRAC members subjected to the same high temperature, the bearing capacity of the compressive members is degraded more severely than that of the flexural members. For maximum temperatures of 200-600 °C, for SRRAC members, the degradation coefficient ( ) of compressive members is 11%~22% less than that of flexural members, and for RRAC members, the degradation coefficient ( ) of compressive members is 16%~20% less than that of flexural members. of normal temperature, while the peak deformation of SRRAC bending beams is less affected by temperature. For maximum temperature of 600 °C, the peak deformation is just 1.24 times that of normal temperature. The increase of the peak deformation of prism specimens, columns and SRRAC beams is related to the increase of the internal void and the loose structure of the concrete after subjection to high temperatures, while the decrease of peak deformation of RRAC beams is due to the decrease of ductility and brittle failure with the increase of temperature. From Figure 14i it can be found that, the effect of replacement percentage on the peak deformation of different member is different. The peak deformation of prism specimens almost increases linearly with the replacement percentage. When the replacement percentage is 100%, the peak deformation is about 1.22 times that of the replacement percentage of 0%. The peak deformation of SRRAC bending and shear beams increases first and then decreases, with the maximum increment of 39% and 32%, respectively. The peak deformation of RRAC bending beams increases with the replacement percentage, the variation range is 15%~37%, and the peak deformation of shear beams reduces first and then increases. The change of the replacement percentage has little effect on the peak deformation of SRRAC columns. When the replacement percentage is 70%, the peak deformation only drops by 4%, while the peak deformation of RRAC columns increases with the increase of the replacement percentage, and the increase range is 2%~24%.
Degradation of Bearing Capacity
Comparing RRAC members with SRRAC members, it is found that the peak deformation of RRAC columns is almost the same as that of SRRAC members with the increase of temperature, but the deformation capacity of RRAC beams decreases gradually with the increase of temperature, which is beneficial to the improvement of SRRAC members. The effect of replacement percentage on the bearing capacity of RRAC members is roughly the same as that of SRRAC members.
Ductility
The ductility is expressed by the displacement ductility coefficient. The ductility coefficient (μ = uu/uy) is calculated according to the load-deformation curve. uu is the displacement value of the corresponding point when the peak stress drops to 85% (When the load does not decrease to 85% Nu, the maximum displacement is taken). uy is the initial yield displacement, which is determined by energy equivalence method, as shown in Figure 15 , where the dimension of OAB is equal to the dimension of YUB. From Figure 14i it can be found that, the effect of replacement percentage on the peak deformation of different member is different. The peak deformation of prism specimens almost increases linearly with the replacement percentage. When the replacement percentage is 100%, the peak deformation is about 1.22 times that of the replacement percentage of 0%. The peak deformation of SRRAC bending and shear beams increases first and then decreases, with the maximum increment of 39% and 32%, respectively. The peak deformation of RRAC bending beams increases with the replacement percentage, the variation range is 15%~37%, and the peak deformation of shear beams reduces first and then increases. The change of the replacement percentage has little effect on the peak deformation of SRRAC columns. When the replacement percentage is 70%, the peak deformation only drops by 4%, while the peak deformation of RRAC columns increases with the increase of the replacement percentage, and the increase range is 2%~24%.
The ductility is expressed by the displacement ductility coefficient. The ductility coefficient (μ = uu/uy) is calculated according to the load-deformation curve. uu is the displacement value of the corresponding point when the peak stress drops to 85% (When the load does not decrease to 85% Nu, the maximum displacement is taken). uy is the initial yield displacement, which is determined by energy equivalence method, as shown in Figure 15 , where the dimension of OAB is equal to the dimension of YUB. It can be observed from Figure 16 that, the variation of the displacement ductility coefficient of each member after experiencing different high temperatures. From Figure 16a -h, it can be seen that the displacement ductility coefficients of each member fluctuate up and down with the maximum temperature. In general, the displacement ductility coefficient of various members decreases with the It can be seen from Figure 13i that the replacement percentage of RCA has no significant effect on the compressive strength of RAC after exposure to high temperatures and the bearing capacity of SRRAC members subjected to high temperatures. With the increase of replacement percentage, the strength of prism specimens varies from 1% to 16%. For SRRAC members, the compressive bearing capacity of columns varies from −1% to 4%, the bending capacity of beams varies from −2% to 1%, and the shear capacity of beams varies from 6% to 10%. For RRAC members, the compressive bearing capacity of columns varies from −6% to 9%, the bending capacity of beams varies from −6 to 18%, and the shear capacity of beams varies from 6 to 12%. In general, the strength or bearing capacity of each specimen increases with the increase of the replacement percentage, that is to say, the strength of the RRAC members after subjection to high temperatures is not worse than that of the ordinary concrete member after subjection to high temperatures.
Comparing RRAC members with SRRAC members, it can be seen that the change of the bearing capacity of RRAC columns with the increase of temperature is roughly equivalent to that of SRRAC members, but the bearing capacity degradation of RRAC beams is more serious than that of SRRAC members. The effect of the replacement percentage on the bearing capacity of RRAC members is basically the same as that of SRRAC members.
Appl. Sci. 2019, 9, x FOR PEER REVIEW 17 of 21 increase of maximum temperature in the range of 200~400 °C. For the maximum temperature of 400 °C, the displacement ductility coefficients of prism specimens decrease by 10%, the displacement ductility coefficients of SRRAC columns, SRRAC bending beams, and SRRAC shear beams decrease by 28%, 44%, and 31%, respectively. The displacement ductility coefficients of RRAC columns increase by 2%, while the displacement ductility coefficients of RRAC bending beams and RRAC shear beams decreased by 11% and 51%, respectively. When the maximum temperature is larger than 400 °C, the displacement ductility coefficient of each member increases, and the displacement ductility coefficients of SRRAC members and RRAC members vary by −25%~4% and −54%~27%, respectively. It can be observed from Figure 16i that, the replacement percentage has different effects on the displacement ductility coefficients of different members. The displacement ductility coefficient of prism specimens is less affected by the replacement percentage, and the variation range is −5%~2%. For SRRAC members, the displacement ductility coefficient of bending beams increases first and then decreases, it increases by 63% when the replacement percentage is 70%, and it decreases by 24% when the replacement percentage is 100%. The displacement ductility coefficient of columns and shear beams varies slightly with the replacement percentage, ranging from −5% to 10%. For RRAC members, with the increase of replacement percentage, the displacement ductility coefficient of columns increases first and then decreases, it increases by 10% when the replacement percentage is 50%, and it decreases by 17% when the replacement percentage is 100%. The displacement ductility coefficient of bending beams and shear beams is greatly affected by the replacement percentage, which varies from 24% to 34% and −9% to 41%, respectively. When the replacement percentage is 30%, shear beams decreased by 9%, and the other replacement percentage increased, indicating that the increase of RCA increased the ductility of the beam to some extent. Figure 14 indicates the variation of peak deformation of each member. For prism specimens and columns, the peak deformation refers to the axial deformation corresponding to the peak load. For bending and shear beams, the peak deformation refers to the mid-span deflection corresponding to the peak load. It can be seen from Figure 14 that the peak deformation of specimens, columns and SRRAC beams are not affected obviously by high temperatures when exposure temperatures are lower than 400 • C, but the peak deformation of RRAC beams decreases continuously, ranging from −80% to −13%. When exposure temperatures are larger than 400 • C, the peak deformation of prism specimens, columns and SRRAC shear beams increase rapidly with the high temperature. For maximum temperature of 800 • C, the peak deformation of prism specimens is about 2.26 times that of normal temperature, while the peak deformation of SRRAC bending beams is less affected by temperature. For maximum temperature of 600 • C, the peak deformation is just 1.24 times that of normal temperature. The increase of the peak deformation of prism specimens, columns and SRRAC beams is related to the increase of the internal void and the loose structure of the concrete after subjection to high temperatures, while the decrease of peak deformation of RRAC beams is due to the decrease of ductility and brittle failure with the increase of temperature.
Peak Deformation
From Figure 14i it can be found that, the effect of replacement percentage on the peak deformation of different member is different. The peak deformation of prism specimens almost increases linearly with the replacement percentage. When the replacement percentage is 100%, the peak deformation is about 1.22 times that of the replacement percentage of 0%. The peak deformation of SRRAC bending and shear beams increases first and then decreases, with the maximum increment of 39% and 32%, respectively. The peak deformation of RRAC bending beams increases with the replacement percentage, the variation range is 15%~37%, and the peak deformation of shear beams reduces first and then increases. The change of the replacement percentage has little effect on the peak deformation of SRRAC columns. When the replacement percentage is 70%, the peak deformation only drops by 4%, while the peak deformation of RRAC columns increases with the increase of the replacement percentage, and the increase range is 2%~24%.
Ductility
The ductility is expressed by the displacement ductility coefficient. The ductility coefficient (µ = u u /u y ) is calculated according to the load-deformation curve. u u is the displacement value of the corresponding point when the peak stress drops to 85% (When the load does not decrease to 85% N u , the maximum displacement is taken). u y is the initial yield displacement, which is determined by energy equivalence method, as shown in Figure 15 , where the dimension of OAB is equal to the dimension of YUB.
It can be observed from Figure 16 that, the variation of the displacement ductility coefficient of each member after experiencing different high temperatures. From Figure 16a -h, it can be seen that the displacement ductility coefficients of each member fluctuate up and down with the maximum temperature. In general, the displacement ductility coefficient of various members decreases with the increase of maximum temperature in the range of 200~400 • C. For the maximum temperature of 400 • C, the displacement ductility coefficients of prism specimens decrease by 10%, the displacement ductility coefficients of SRRAC columns, SRRAC bending beams, and SRRAC shear beams decrease by 28%, 44%, and 31%, respectively. The displacement ductility coefficients of RRAC columns increase by 2%, while the displacement ductility coefficients of RRAC bending beams and RRAC shear beams decreased by 11% and 51%, respectively. When the maximum temperature is larger than 400 • C, the displacement ductility coefficient of each member increases, and the displacement ductility coefficients of SRRAC members and RRAC members vary by −25%~4% and −54%~27%, respectively.
It can be observed from Figure 16i that, the replacement percentage has different effects on the displacement ductility coefficients of different members. The displacement ductility coefficient of prism specimens is less affected by the replacement percentage, and the variation range is −5%~2%. For SRRAC members, the displacement ductility coefficient of bending beams increases first and then decreases, it increases by 63% when the replacement percentage is 70%, and it decreases by 24% when the replacement percentage is 100%. The displacement ductility coefficient of columns and shear beams varies slightly with the replacement percentage, ranging from −5% to 10%. For RRAC members, with the increase of replacement percentage, the displacement ductility coefficient of columns increases first and then decreases, it increases by 10% when the replacement percentage is 50%, and it decreases by 17% when the replacement percentage is 100%. The displacement ductility coefficient of bending beams and shear beams is greatly affected by the replacement percentage, which varies from 24% to 34% and −9% to 41%, respectively. When the replacement percentage is 30%, shear beams decreased by 9%, and the other replacement percentage increased, indicating that the increase of RCA increased the ductility of the beam to some extent.
In summary, compared with SRRAC members, the ductility of RRAC columns and RRAC bending beams is slightly better, but the ductility of RRAC shear beams is worse. The replacement percentage has a greater influence on the displacement ductility coefficient of RRAC shear beams than SRRAC members, and the displacement ductility coefficients of columns and flexural beams are approximately the same with the increase of replacement percentage.
Energy Dissipation
Energy dissipation coefficients (η = S OUYC /S OABC ) are calculated according to the load-displacement curve. It can be observed from Figure 17 that S OUYC is the area of the shaded portion surrounded by the load-displacement curve when the load is reduced to 85% of the peak load (when the minimum value of the load in the descending section is greater than 85% of the peak load, the full curve is taken), and S OABC is the area surrounded by the rectangle passing through the peak point (U) and the limit displacement point (Y).
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Energy dissipation coefficients (η = SOUYC/SOABC) are calculated according to the loaddisplacement curve. It can be observed from Figure 17 that SOUYC is the area of the shaded portion surrounded by the load-displacement curve when the load is reduced to 85% of the peak load (when the minimum value of the load in the descending section is greater than 85% of the peak load, the full curve is taken), and SOABC is the area surrounded by the rectangle passing through the peak point (U) and the limit displacement point (Y). From Figure 18 it can be found that, the energy dissipation of each member after exposure to different high temperature. Figure 18a -h shows the variation law of the energy dissipation coefficient of SRRAC members is similar to that of ductility. It tends to decrease with increasing temperature when exposure temperatures are lower than 400 °C. For the maximum temperature of 400 °C, the decreases of specimens, columns, bending beams, and shear beams are 13%, 11%, 7%, and 10% respectively; and for maximum temperatures of 400 °C-600 °C, the energy dissipation coefficient decreases slightly. When exposure temperatures are larger than 600 °C, the energy dissipation coefficient is gradually increased. With the increase of temperature, the energy dissipation coefficient of RRAC members differs from that of SRRAC members. The trend of the energy dissipation coefficient of columns is increasing-decreasing-increasing, the variation range is −12%~23%, and the energy dissipation coefficient of beams has a tendency to fluctuate. From Figure 18 it can be found that, the energy dissipation of each member after exposure to different high temperature. Figure 18a -h shows the variation law of the energy dissipation coefficient of SRRAC members is similar to that of ductility. It tends to decrease with increasing temperature when exposure temperatures are lower than 400 • C. For the maximum temperature of 400 • C, the decreases of specimens, columns, bending beams, and shear beams are 13%, 11%, 7%, and 10% respectively; and for maximum temperatures of 400 • C-600 • C, the energy dissipation coefficient decreases slightly. When exposure temperatures are larger than 600 • C, the energy dissipation coefficient is gradually increased. With the increase of temperature, the energy dissipation coefficient of RRAC members differs from that of SRRAC members. The trend of the energy dissipation coefficient of columns is increasing-decreasing-increasing, the variation range is −12%~23%, and the energy dissipation coefficient of beams has a tendency to fluctuate.
From Figure 18i can be found that the replacement percentage has different effects on the displacement ductility coefficients of different members. The energy dissipation coefficient of prism specimens and SRRAC members is not obviously affected by the replacement percentage. With the increase of replacement percentage, the energy dissipation coefficient fluctuates within the range of −5.5%~6.5%. The energy dissipation coefficient of RRAC members is also not obviously affected by the replacement percentage. With the increase of replacement percentage, the energy dissipation coefficient fluctuates within the range of −11%~4%, and the energy dissipation coefficient of bending beams and shear beams is −4%~4% and −6.5%~0%, respectively.
In general, the influence of temperature on energy dissipation coefficient of RRAC members is greater than that of SRRAC members, the effect of replacement percentage on the energy dissipation coefficient of RAC members is not obvious.
respectively; and for maximum temperatures of 400 °C-600 °C, the energy dissipation coefficient decreases slightly. When exposure temperatures are larger than 600 °C, the energy dissipation coefficient is gradually increased. With the increase of temperature, the energy dissipation coefficient of RRAC members differs from that of SRRAC members. The trend of the energy dissipation coefficient of columns is increasing-decreasing-increasing, the variation range is −12%~23%, and the energy dissipation coefficient of beams has a tendency to fluctuate. From Figure 18i can be found that the replacement percentage has different effects on the displacement ductility coefficients of different members. The energy dissipation coefficient of prism specimens and SRRAC members is not obviously affected by the replacement percentage. With the increase of replacement percentage, the energy dissipation coefficient fluctuates within the range of −5.5%~6.5%. The energy dissipation coefficient of RRAC members is also not obviously affected by the replacement percentage. With the increase of replacement percentage, the energy dissipation coefficient fluctuates within the range of −11%~4%, and the energy dissipation coefficient of bending beams and shear beams is −4%~4% and −6.5%~0%, respectively.
Conclusions
(1) After the RAC undergoes high temperatures, its apparent physical changes are obvious: The color changes from blue ash to grayish white, cracking occurs when the temperature reaches 600 °C and bursting and spalling occurs when the temperature reaches 800 °C, the quality of RAC is reduced, and this phenomenon is more significant with the increase of temperature and replacement percentage. (2) The mechanical properties of RAC prism specimens and RAC members degrade significantly after subjection to high temperatures, especially the bearing capacity. Among the different member, the shear performance of prism specimens and RRAC beams degrade fastest, while the flexural performance of the RRAC and SRRAC beams degrade slowest. (3) Among different member, the mass loss ratio of RRAC members is slightly larger than that of SRRAC members with the increase of temperature. (4) The change of the bearing capacity of RRAC columns with the increase of temperature is roughly the same as that of SRRAC members, but the bearing capacity degradation of RRAC beams is more serious than that of SRRAC members. The effect of the replacement percentage on the bearing capacity of RRAC members is basically the same as that of SRRAC members. 
(1) After the RAC undergoes high temperatures, its apparent physical changes are obvious: The color changes from blue ash to grayish white, cracking occurs when the temperature reaches 600 • C and bursting and spalling occurs when the temperature reaches 800 • C, the quality of RAC is reduced, and this phenomenon is more significant with the increase of temperature and replacement percentage. (2) The mechanical properties of RAC prism specimens and RAC members degrade significantly after subjection to high temperatures, especially the bearing capacity. Among the different member, the shear performance of prism specimens and RRAC beams degrade fastest, while the flexural performance of the RRAC and SRRAC beams degrade slowest. (3) Among different member, the mass loss ratio of RRAC members is slightly larger than that of SRRAC members with the increase of temperature. (4) The change of the bearing capacity of RRAC columns with the increase of temperature is roughly the same as that of SRRAC members, but the bearing capacity degradation of RRAC beams is more serious than that of SRRAC members. The effect of the replacement percentage on the bearing capacity of RRAC members is basically the same as that of SRRAC members. (5) With the increase of temperature, the variation process of the peak deformation of RRAC columns is roughly equivalent to that of the SRRAC members. However, the increase of temperature makes the deformation capacity of RRAC beams gradually decrease, which is beneficial to the improvement of SRRAC members. The effect of the replacement percentage on the bearing capacity of RRAC members is roughly equivalent to that of SRRAC members.
(6) With the increase of temperature, the ductility of RRAC columns and RRAC bending beams is slightly better than that of SRRAC members, but the ductility of RRAC shear beams is worse than that of SRRAC members. The replacement percentage has a greater influence on the displacement ductility coefficient of RRAC shear beams than that of SRRAC members, and the displacement ductility coefficients of columns and flexural beams are approximately the same with the increase of replacement percentage. (7) The influence of temperature on energy dissipation coefficient of RRAC members is greater than that of SRRAC members, the effect of replacement percentage on the energy dissipation coefficient of RAC members is not obvious.
Suggestion
After water cooling of RAC and its structural members, mechanical properties, and safety assessment methods are studied. After all, in real life, fire sprinkler is the most commonly used fire extinguishing method in the world after a fire, and its post-disaster performance is quite different from that of natural fire extinguishing after complete combustion of combustible materials. The temperature process is more rapid and the damage degree to the structural members is greater. 
